An array of subwavelength slits in a metallic substrate supports a series of Fabry-Perot-like resonances, where each harmonic results in a transmission peak. Addition of extra slits per period yields a compound grating with a structure factor associated with the basis. In this study each repeat period is comprised of a central slit flanked by a pair of narrower slits. It supports three resonances for every Fabry-Perot-like solution. New and useful insight into this phenomenon is gained by describing each of the modes in terms of the band structure of diffractively coupled surface waves.
Over the last few years there has been great interest in the optical properties of metamaterials [1] -objects that owe their electromagnetic behavior as much to their structure as from the materials from which they are composed. Structures studied include arrays of slits, grooves, and holes formed in metals [2] [3] [4] [5] and they have been shown to demonstrate remarkable properties such as superdirectivity (beaming) [6 -8] , enhanced light extraction [9] , microscopy [10] , angle-independent absorption [11] , and ''designer'' electromagnetic surfaces [12] . Most authors have concluded that many of these phenomena should be attributed to the excitation of surface waves (surface plasmon polaritons, SPPs, at visible frequencies) on the metal [13, 14] .
Narrow slits or grooves in a metal can support FabryPerot-like modes resulting in a series of resonances in the transmitted and/or reflected signal [2, 4, 15, 16] . In the limit of infinitesimal slit width and infinite metal conductivity, these resonant frequencies are given by N cN=2nt, where n is the refractive index of the material filling the slits and t is the thickness of the metal substrate. For an array of equally spaced identical cavities there is only one resonance per harmonic (N); however, so-called ''phase resonances'' are known to break this degeneracy in more complex systems. For example, the excitation of phase resonances has been studied in finite arrays of cavities [8, 17] . When illuminated with p-polarized radiation there are characteristic frequencies at which the phase of the electromagnetic field is established so that its intensity is strongly enhanced inside each cavity. This condition is accompanied by a maximization of the specular efficiency. Similar resonant conditions have also been predicted to exist for infinite ''compound'' gratings [18, 19] , where the term ''compound'' is used to describe a unit cell with a basis (structure factor). The addition of extra cavities to each period introduces new degrees of freedom regarding the possible near-field configurations. The resulting phase resonances are observed as a redistribution of the available energy between propagating orders. For example, the transmission of a compound grating comprised of three narrow slits per period is characterized by a wide peak interrupted by a sharp dip on its low frequency side. Here we provide an experimental study of the microwave transmission of such a compound grating, our experimental measurements confirming the existence of the aforementioned resonances. Importantly, our results also demonstrate coupling to a third resonance away from normal incidence. By recording transmission spectra as a function of the angle of incidence, we show how the character of each of the resonances can be explained in terms of diffractive band folding of surface modes. Our experimental data agree well with numerical model calculations [20] .
The experimental sample ( Fig. 1 ) is constructed by stacking together approximately one hundred aluminumalloy slats of thickness t 19:80 mm, width w m 3:00 mm, and length 500 mm, separated from each other by layers of air using small spacers of polyester film at their ends. The three slits forming the basis are not identical: a pair of slits of width w s1 0:25 mm flank a central slit of width w s2 0:50 mm, thereby creating a periodicity, g 10:00 mm. Microwave radiation is incident upon the sample in the xz plane at an angle from the surface normal and is p polarized. A continuous wave source sweeps the frequency in bands (12 18 GHz and 18 26:5 GHz) and feeds a fixed position horn antenna. The slats are orientated with their length normal to the plane of incidence, and the sample is positioned on a computer-controlled rotating table to vary . In order to obtain averaging of the transmitted signal over a large number of grating periods, the transmitted beam is collected using a spherical mirror before being focused into a second horn antenna (detector).
The normalized experimental transmissivity data at 0 are shown in Fig. 2 (circles) together with the predictions of the transmissivity and absorption from the numerical model (solid line) [20] . The broad peak in the transmissivity centered at 14.9 GHz and the null at approximately 14.5 GHz correspond to the second harmonic (N 2) Fabry-Perot-like resonance in the slits, whereas the similar features at 22.2 GHz and 21.5 GHz correspond to the third harmonic (N 3). Associated with each of these modes is an increase in absorption in the metal resulting from an intensification of the field strength within the slits. Figures 3(a) and 3(b) show the predicted electric field distribution close to the illuminated surface of the sample at the two resonant frequencies (i.e., at maximum absorption) of the third harmonic modes. It is important to note that for a simply periodic grating with normal incidence illumination the field in each of the slits must be identical. However, with a compound grating new degrees of freedom are introduced. The structure under study here supports two possible phase configurations at 0. These correspond to an identical phase of the field in each of the slits ('' ''), and the other when the field in the central slit is completely out of phase with that in the two narrower slits [''ÿ ÿ'', or the '''' resonance [17] ]. It is evident from Fig. 3 that the broad peaks are the primary resonance with the incident field driving all three slits in phase ('' ''). The much narrower feature in the low frequency wing of each broad peak is the resonance, but direct coupling to the mode is not possible since the electric field in the narrow slits is out of phase with the incident field. Therefore, observation of the resonance can only be expected in the wings of the primary resonance since the mode can only be excited via coupling between the slits. The transmission associated with each of these two modes interferes resulting in a Fano-shaped feature in the recorded spectra. The predicted phase difference of the electric field between the central and adjacent slits is also plotted in Fig. 3 as a function of frequency (, calculated at the illuminated surface at the midpoints of the slit widths). At frequencies below the resonant conditions the phase difference is zero. As the frequency is incremented there is a phase change of order radians resulting in the 
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''ÿ ÿ'' configuration on passing through the resonance of the mode. By placing the sample on a computer-controlled rotating table, we directly record and plot in Fig. 4 the photonic band structure of the sample as a function of the in-plane wave vector [k x 2=c sin] at frequencies close to the third Fabry-Perot-like harmonic. The primary transmission peak No. 3 is flat banded [2, 4] ; however, more surprising is the curvature of the lowest energy band No. 1, corresponding to the resonance (''ÿ ÿ'') at normal incidence. Its dispersion seemingly resembles that of a grating-coupled SPP whose propagation has been strongly perturbed by the grating profile [4, 11, 21] . This surfacewave-like characteristic is verified by plotting the numerically modeled Poynting vector distribution at resonance for sin 0:3 (Fig. 5 ). Evidently this mode should not be attributed to a single surface wave, but to a pair of identical SPPs on the upper and lower surfaces of the array coupled together via the Fabry-Perot-like waveguide resonances supported by the slits.
On close inspection of the experimental transmissivities (Fig. 4) , a third feature positioned between the two aforementioned modes can be seen (mode No. 2), and it is associated with the phase shift that returns the field configuration to '' '' (Fig. 3 inset) . The mode occurs at a frequency at which =2 corresponding to a -radian phase difference between the resonant fields of the two narrow slits, accompanied by an absence of coupling to the mode in the central slit (''0ÿ''). Clearly, excitation of this asymmetric resonance is impossible at normal incidence, and the coupling strength clearly lessens as the angle is reduced (Fig. 4) . Since the horn antennae do not transmit a perfectly planar beam, we also observe this resonance as a very weak feature in the normal incidence experimental data for each of the harmonics (at 14:6 GHz and 21:8 GHz).
The photonic band structure of SPPs on simple, shallow metallic gratings is well understood [22] , whereas the current structure represents a very deep grating with compound (multiperiodic) structure. However, it is not too dissimilar to a reflection grating previously studied by the present authors [11] and one may use similar reasoning here to discuss our current results. One may effectively reduce the analysis of the band structure to just two components of the grating profile: a very large amplitude, short pitch component (of period g =3, i.e., the closely spaced deep slits) convolved with a much weaker longer pitch component ( g , associated with the different width of every third slit). Scattering of the modes by the short pitch component, 3k g (where k g 2= g ), creates huge gaps in the SPP band structure at the corresponding Brillouin zone boundaries (k x 0 and 3k g =2). The perturbation of the profile from a flat surface is so great that the fields associated with the surface mode couple together across the narrow slit and become highly localized (self-coupled SPPs) [4, 21] . In the limit of perfect conductivity and subwavelength slit width these cavity modes are entirely equivalent to the Fabry-Perot-like standing wave resonances of the TEM (transverse electromagnetic) waveguide mode (order N). Whilst the lowest energy of these bands exists outside the incident light line, higher order (N 1) diffractively coupled modes are observed inside the radiative region. These are the origin of the broad transmission peaks in Fig. 2, i. e., the mode associated with the '' '' phase configuration and band No. 3 in Fig. 4 . An illustration of a similar, highly perturbed band structure can be found in Ref. [21] . Note that although the structure studied there is a silver reflection grating, comparison of the band structure to that of the present study is valid for frequencies well below the surface plasma frequency (! p = 2 p ), for which the nonperturbed SPP dispersion closely follows the light line. The much narrower features (i.e., the mode at normal incidence, and the two bands labeled No. 1 and No. 2 in Fig. 4 ) are a consequence of convolving the short pitch component of the profile with the long-pitch component. While the longpitch component is too weak to cause any significant perturbation of the shape of the SPP dispersion curve, it will introduce important band-folding effects. Sections of the dispersion curve that exist outside the incident light line on a simple grating are folded into the radiative region [see Fig. 3 of Ref. [11] ]. Hence the originally nonradiative modes associated with the low energy edge of the band gap at k x 3k g =2 become excitable through scattering by integer multiples of k g . These resonances are therefore narrower than the strongly diffracted primary mode. Furthermore, it is clear that they must always occur at a lower frequency than the primary mode since they correspond to modes of a lower energy band edge [4] . Band No. 1 results from band folding of the curved part of the dispersion into the radiative region (i.e., scattering from k g 2= g ), whereas the band labeled No. 2 is a consequence of scattering of the more flat-banded parts (i.e., scattering via 2k g ). This SPP-band-folding picture verifies the periodicity of the phases of the field at each resonance. It is interesting to note that the order of the two lowest energy modes can be reversed by changing the profile. For example, a basis formed of a narrow central slit flanked by two wider slits shows a similar response to that seen here at normal incidence. However, on increment of the angle it is clear that the mode associated with the resonance at normal incidence remains flat banded, whereas the asymmetric mode, which appears at a slightly lower frequency, disperses in a SPP-like manner [11] .
In this work we have experimentally studied and numerically modeled the transmissivity of an air-filled compound grating comprised of two narrow slits flanking a wider central slit. In contrast to a simply periodic structure, we have shown it to support not one, but two cavity resonances per Fabry-Perot-like harmonic at normal incidence. In addition, by studying the transmissivity spectra as a function of the angle of incidence we observe a third resonance that can only be coupled to if a phase variation exists across the surface. We identify and describe each of the three modes in terms of the band structure of diffractively coupled surface waves (SPPs) that propagate on each surface of the sample, and whose fields interact via the Fabry-Perot-like modes within the slits. At normal incidence the standing wave states of these surface waves correspond to three unique phase configurations.
